Abstract Hyperestrogenicity is a risk factor for endometrial cancer. 17β-estradiol (E2) is known to stimulate both genomic and nongenomic estrogen receptor-α (ERα) actions in a number of reproductive tissues. However, the contributions of transcription-independent ERα signaling on normal and malignant endometrium are not fully understood. Phosphatase and tensin homolog (PTEN) is a tumor suppressor that decreases cellular mitosis primarily through negative regulation of the phosphoinositide 3-kinase/AKT signaling axis. PTEN levels are elevated during the E2 dominated, mitotically active, proliferative phase of the menstrual cycle, indicating possible hormonal regulation of PTEN in the uterus. In order to determine if rapid E2 signaling regulates PTEN, we used ERα-positive, PTENpositive, endometrial cells. We show that cytosolic E2/ERα signaling leads to increased phosphorylation of PTEN at key regulatory residues. Importantly, E2 stimulation decreased PTEN lipid phosphatase activity and caused consequent increases in phospho-AKT. We further demonstrate that cytosolic ERα forms a complex with PTEN in an E2-dependent manner, and that ERα constitutively complexes with protein kinase2-α (CK2α), a kinase previously shown to phosphorylate the C-terminal tail of PTEN. These results provide mechanistic support for an E2-dependent, ERα cytosolic signaling complex that negatively regulates PTEN activity through carboxy terminus phosphorylation. Using an animal model, we show that sustained E2 signaling results in increased phospho-PTEN (S380, T382, and T383), total PTEN, and phospho-AKT (S473). Taken together, we provide a novel mechanism in which transcription-independent E2/ERα signaling may promote a pro-tumorigenic environment in the endometrium.
Introduction
Endometrial cancer (EC) is the most common gynecologic cancer and the fourth most common cancer in women in the USA [55] . The American Cancer Society estimates that 52,630 new cases will be diagnosed in 2014 and 8,590 women will die from this disease [4] . Eighty percent of EC are type I and are characterized by expression of estrogen receptor (ER) [12, 18, 35, 46] . There are three main forms of estrogen, estrone (E1), 17β-estradiol (E2), and estriol (E3). In the nonpregnant uterus, E2 is the dominant regulatory estrogen. Unopposed, chronic or excess exposure to estrogens, including E2 and the adipocyte produced E1, are the main risk factors for type I EC [25] .
E2 acting through ERα provides the primary proliferative signal in the uterine epithelium, and hyperestrogenicity is a major risk factor for EC [21, 23] . Traditionally, ERα has been thought of as ligand-dependent transcription factor that influences gene regulation. However, increasing evidence implicates transcription-independent actions of ERα in both normal and pathological processes [8, 36, 43, 48] . Transcriptionindependent ERα signaling is involved in regulation of proliferation [60] and cytoskeletal remodeling [2] . Additionally, non-nuclear ERα signaling has been implicated in invasion, migration, and metastasis in hormone sensitive breast cancer cells [7, 14, 15, 66] . Emerging data highlight the importance of rapid actions of estrogens; however, the role of transcription-independent E2 signaling in the endometrium and in EC is poorly understood.
During the normal menstrual cycle, phosphatase and tensin homolog (PTEN) levels fluctuate, suggesting that tumor suppressor PTEN is regulated by hormones in the endometrium [37] . PTEN regulates growth in normal cells via its lipid phosphatase activity. Specifically, PTEN antagonizes the phosphoinositide 3-kinase (PI3K)/Akt survival and growth pathway by converting phosphatidylinositol (3,4,5)-trisphosphate (PIP 3 ) to phosphatidylinositol 4,5-bisphosphate (PIP 2 ) to decrease available PIP 3 for downstream signaling [28, 32, 50, 51] .
PTEN phosphatase activity is regulated through oxidation [27] , acetylation [39] , ubiquitination [31] , and phosphorylation [38, 56] . Phosphorylation at three key regulatory sites on the C terminus of PTEN (S380, T382, and T383) has been shown to decrease lipid phosphatase activity [56] . Decreased PTEN activity and consequent increased AKT signaling result in increased proliferation, inhibition of apoptosis, and resistance to progestin therapy [49] . Stimuli that induce phosphorylation of PTEN may therefore confer shifts in PTEN activity, which have been shown to cause endometrial hyperplasia and uterine dysplasia in vivo [3] .
The normal endometrium cycles between periods of dramatic proliferation and differentiation in response to changing hormone levels. Unexpectedly, work from two different labs shows that PTEN protein levels are the highest in uterine epithelial cells during the pro-growth, E2-dominated, proliferative phase of the menstrual cycle [1, 37] . However, in these studies PTEN phosphorylation status and correlative activity was not assessed. Additionally, direct hormonal regulation of PTEN activity in the endometrium has not been investigated.
In normal cycling endometrial tissues, high levels of PTEN may be protective against potential aberrant proliferation, while low PTEN activity allows growth of the uterine lining. We hypothesize that E2 rapidly signals to key negative regulatory residues in the carboxy terminus of PTEN to suppress PTEN activity. We anticipate that risk factors for uterine cancer, which result in increased, chronic, or unopposed E2 exposure, cause an abnormal reduction in PTEN activity. Reduced PTEN activity and associated upregulation of AKT signaling promote cellular processes that contribute to a pro-cancer environment. As normal endometrial cell models are not available [26] , we initially conducted molecular and biochemical studies using engineered EC cell models to determine if E2 signaling impacts PTEN phosphorylation and activity.
Materials and Methods

Cell Culture
Ishikawa EC cells and 293TN cells were obtained from American Type Culture Collection (Manassas, VA). Cells were cultured in Dulbecco's modified Eagle's medium (DMEM; Fisher Scientific, Pittsburgh, PA) supplemented with 10 % (v/v) fetal calf serum (Thermo Scientific, Rockford, IL) and 50 μg/mL penicillin and streptomycin (Mediatech Inc., Manassas, VA). Cells were maintained at 37°C in 5 % CO 2 .
Antibodies and 17β-estradiol Rabbit anti-PTEN, phospho-PTEN (S380, T382, and T383), AKT, β-actin, and GAPDH as well as mouse anti-phospho-AKT (S473) were purchased from Cell Signaling Technologies (Danvers, MA). Mouse anti-protein kinase CK2α was purchased from Millipore (Billerica, MA). Mouse anti-ERα, rabbit anti-ERα and rabbit anti-ERβ were purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX). Rabbit anti-GPER antibody was supplied by GenScript USA Inc. 
17β-Estradiol Treatment
Cells at 80 % confluence were starved for 24 h in serum free media (phenol red free DMEM, Thermo Scientific, Rockford, IL) supplemented with 50 μg/mL penicillin and streptomycin (Mediatech Inc., Manassas, VA). Cells were then treated with either 10 nM E2 (Sigma-Aldrich, St. Louis, MO) or vehicle (100 % ethanol; Fisher Scientific, Pittsburgh, PA) for 0, 10, 30, or 50 min. Unless otherwise noted, all experiments were conducted as described here.
Western Immunoblotting
Cells were harvested in Laemmli's SDS sample buffer (BioRad, Hercules, CA) for Western blot analysis. Protein concentration was assessed using the bicinchoninic acid (BCA) assay following the manufacturer's instructions (Thermo Scientific, Rockford, IL). Proteins were resolved by 10 % SDS polyacrylamide gel electrophoresis and transferred to nitrocellulose membrane (Bio-Rad, Hercules, CA). Western blotting was preformed as per standard protocols provided by the antibody manufacturer. When IRDye conjugated secondary antibodies were used, resultant membranes were scanned by Odyssey CLx (LI-COR Biosciences, Lincoln, NE). Quantification was completed using Odyssey CLx software (LI-COR Biosciences, Lincoln, NE). When HRP-conjugated secondary antibodies were used, densitometry was used to quantify developed X-ray films (ISC BioExpress, Kaysville, UT) using Bio-Rad Analyzer Quantity One software (Bio-Rad, Hercules, CA).
Cellular Fractionation
One million cells were fractionated with NE-PER Nuclear and Cytoplasmic extraction kit following the manufacturer's instructions (Thermo Scientific, Rockford, IL).
PTEN Immunoprecipitation and Lipid Phosphatase Assay
Cells were harvested in phosphate free nondenaturing buffer (20 mM Tris base, pH 7.4, 150 mM NaCL, 1 mM EGTA, 1 % v/v Triton X-100). Protein G sepharose beads (GE Healthcare Life Sciences, Piscataway, NJ) were preincubated with 3 % bovine serum albumin (Fisher Scientific, Pittsburgh, PA) for 1 h and washed in phosphate free nondenaturing buffer. After pre-incubation, 2.5 μg of antibody and cell lysates were added to beads and incubated end-over-end for 1 h at 4°C. Cells were washed in phosphate free nondenaturing buffer and centrifuged at 8,000×g for 5 min at 4°C followed by PTEN phosphatase assay. PTEN lipid phosphatase activity was assessed using the PTEN Malachite Green Assay (Echelon Biosciences Inc., Salt Lake City, UT). Briefly, immunoprecipitated PTEN was incubated with PtdIns(3,4,5)P 3 substrate for 15 min at 37°C in a buffer containing malachite green molybdate (Echelon Biosciences Inc., Salt Lake City, UT). Free phosphate was observed via formation of green molybdophosphoric acid complex and absorbance at 620 nm was measured. Free phosphate (pmol) was determined by interpolation from a standard curve.
Co-immunoprecipitation
Ten million cells were harvested and lysates were prepared in nondenaturing buffer (50 mM Tris-HCl pH 7.4, 1 % (v/v) NP-40, 0.5 % (v/v) Na-deoxycholate, 150 mM NaCL, 1 mM EDTA, and 50 mM NaF). Lysates were pre-cleared by 1 h incubation with protein G sepharose beads (GE Healthcare Life Sciences, Piscataway, NJ). Lysates were incubated with 2.5 μg of antibody at 4°C overnight. Blocked (3 % BSA×1 h) protein G sepharose beads (GE Healthcare Life Sciences, Piscataway, NJ) were added to the lysate + antibody mixture and incubated for 1 h at 4°C. Beads were washed in nondenaturing buffer and centrifuged at 8,000×g for 5 min at 4°C. Laemmli's SDS sample buffer (Bio-Rad, Hercules, CA) was then added to the samples for Western blot analysis.
Transfections
One million EC cells were transfected with Lipofectamine 2000 following manufacturer's instructions (Life Technologies, Grand Island, NY). A 1:4 ratio of DNA to Lipofectamine 2000 transfection reagent was used. For transient transfections, pGZ21-GFP-PTEN expression plasmid or empty PGZ21-GFP control plasmid was used. pGZ21 contains a CMV promoter and a GFP coding sequence with three amino acid residue substitutions (S65A, V68L, and S72A) to increase its fluorescence in mammalian cells [9] . Cells incubated in transfection mix for 6 h. Eight million 293TN cells were transfected with Lipofectamine 2000 following manufacturer's instructions. A 1:1:10 ratio of DNA to pPACKH1 lentiviral packaging DNA to Lipofectamine 2000 was used (Systems Biosciences, Mountain View, CA). Cells were incubated in transfection mix for 48 h.
Lentiviral Constructs
PTEN sequence was removed from pIND/hygro plasmid (Life Technologies, Grand Island, NY) via digest with BamHI and NotI and cloned into the lentiviral expression vector pCDH-CMV-MCS-EF1-copGFP (System Biosciences, Mountain View, CA). Lentiviral particles were produced in 293TN packaging cells. Media containing packaged virus were collected 48 and 72 h after transfection. Ten million EC cells were incubated with 20 mL of DMEM media containing viral particles. After 72 h, puromycin selection was initiated (5 μg/ mL). Puro selection was carried out for 3 days, and cells were diluted into 96-well cell culture dishes at an estimated frequency of 1 cell/well (Thermo Scientific, Rockford, IL). GFPpositive single clones were identified and expanded. Clones were screened for PTEN expression via Western blot.
Experimental Animals
Mouse experiments were conducted as previously described [17, 44] . Briefly, ovariectomized (ovx) female athymic nu/nu mice were obtained from Harlan Sprague-Dawley (Indianapolis, IN) at 5 to 6 weeks of age. All animals were implanted with silastic pellets containing E2 (2 mg 17 h-estradiol+8 mg cellulose) or placebo (10 mg cellulose) [45] . Pellets resulted in 145±47 pg/mL circulating estradiol. At 8 weeks mice were euthanized by CO 2 asphyxiation, and uteri were excised and prepared for immunohistochemistry (IHC).
Immunohistochemistry
Formalin fixed paraffin embedded tissues were sectioned at 5 μm and mounted onto positively charged slides (Fisher Scientific, Pittsburgh, PA). Samples were de-paraffinized and rehydrated through descending series of ethanol/water baths. Tissues were antigen retrieved in citrate buffer, pH 6 (16 mM sodium citrate trisodium salt dihydrate and 4 mM citrate acid monohydrate). Samples were blocked with 5 % bovine serum albumin (w/v) in SuperBlock (Fisher Scientific, Pittsburgh, PA) followed by overnight incubation at 4°C with primary antibody specific to phospho-PTEN (S380, T382, and T383; Abcam, Cambridge, MA), total PTEN, or phospho-AKT (S473; Cell Signaling, Danver, MA). Primary antibodies were diluted 1:100, 1:100, and 1:50, respectively, in Signal Stain Antibody Diluent (Cell Signaling, Danvers, MA). Negative control slides were performed by omitting the primary antibody. Slides were rinsed in IHC wash buffer (50 mM Tris-Cl, pH 7. 
Quantification of IHC
Quantification of phospho-PTEN, total PTEN, and phospho-AKT IHC was preformed using NIS-Elements Imaging Software (Nikon Microscopes, Melville, NY). Uteri from a minimum of six ovx mice and nine E2-treated mice were analyzed. At least three uterine glands per mouse uterus were analyzed. Uterine glands were manually outlined and identified as regions of interest (ROI) for NIS-Elements Imaging Software analysis. Threshold measurements of immunopositive staining were applied to each ROI to measure protein abundance. The sum intensity measurement (SI) of positive staining in each identified gland (ROI) was divided by gland area in order to measure SI per unit area (SI/mm 2 ).
Statistical Analysis
Data are expressed as change±standard deviation (SD). Data were analyzed with Student's t test between two groups of analysis of variance (ANOVA) coupled with Dunnett's multiple comparison test for multiple pairwise comparisons. Probability values of P<0.05 were considered to be statistically significant.
Results
E2 Regulates PTEN Phosphorylation, Protein Stability, and Lipid Phosphatase Activity
Seminal studies conducted by Vazquez et al. identified S380, T382, and T383 as key negative regulatory residues in the PTEN carboxy tail [56] . Phosphorylation of these residues resulted in decreased PTEN lipid phosphatase activity and increased protein stability [56] . However, specific stimuli that induce PTEN phosphorylation in vivo were not investigated. In order to determine if E2 signaling induced phosphorylation of PTEN carboxy terminal regulatory residues, we utilized ERα wild-type, type 1 Ishikawa endometrial cells (ISH-ERα WT ). As ISH-ERα WT cells are PTEN null, we first transiently transfected cells with either an empty GFP-fusion vector or a GFP-PTEN expression construct. The transfected cells were starved in serum free media for 24 h, stimulated with 10-nM E2, and harvested over a 50-min time course for Western blot analysis. The Western blot in Fig. 1a shows that E2 induced phosphorylation of S380, T382, and T383 over the time course, as assayed by a phospho-specific PTEN antibody. The corresponding graph shows the average of phospho-PTEN normalized to the β-actin loading control in three independent experiments. E2 treatment induced a 2-fold, statistically significant increase in PTEN phosphorylation at 30 and 50 min. Using a pan-PTEN antibody, we also observed a concurrent increase in total PTEN protein levels, indicating increased PTEN stability (Fig. 1b) . These data are consistent with the original phospho-PTEN mapping studies conducted by Vazquez et al., which demonstrated that PTEN stability is governed by phosphorylation at S380, T382, and T383 [56] . We have further observed that inhibiting PTEN phosphorylation blocks E2-induced PTEN protein stability (Supplemental Fig. 1 ). Therefore, increased PTEN stability requires E2-induced PTEN phosphorylation. Similar experiments were conducted in MCF7 breast cancer cells. E2 treatment also leads to increased PTEN phosphorylation and PTEN protein stability in MCF7 cells, suggesting that E2 regulation of PTEN may occur in a variety of hormonally responsive tissues (Supplemental Fig. 2) .
In order to determine if changes in PTEN phosphorylation affected activity, we performed an immunoprecipitation (IP) lipid phosphatase activity assay in ISH-ERα WT cells expressing exogenous PTEN. In Fig. 1c , it can be seen that PTEN activity significantly decreased concurrently with increased phosphorylation at S380, T382, and T383. Taken together, these results indicate that E2 induces PTEN phosphorylation, increases PTEN protein stability and decreases PTEN lipid phosphatase activity. Furthermore, the timing of these actions (30-50 min) suggests that rapid, nongenomic signaling mediates these effects.
E2-Induced Phosphorylation and Regulation of PTEN Activity Is ERα-Dependent
E2 has been shown to rapidly signal through ERα [36] , estrogen receptor-β (ERβ) [65] and an alternate ER, G protein-coupled estrogen receptor 1 (GPER) [5, 13] . In order to determine if E2 signals through classical nuclear ERα to regulate PTEN activity, we utilized an ERα negative subclone of Ishikawa cells, the ISH-ERα NEG cells. ISH-ERα NEG cells lack detectable ERα, but express ERβ and GPER (Fig. 2a) . Our pilot studies (Fig. 1 ) utilized transient transfection of PTEN, as Ishikawa endometrial cells are PTEN null due to a stop codon mutation in exon 8 [59] . To facilitate further studies, cell lines that stably express PTEN were developed and these cell lines are used in the remainder of the experiments presented in this manuscript unless otherwise stated (described and characterized in Supplemental Fig. 3 ). ISH-ERα NEG PTEN+ cells were starved for 24 h in serum-free media followed by E2 treatment over the indicated time course. Cells were harvested and analyzed for phospho and total PTEN expression via Western blotting. Lane 1 of Fig. 2b shows lysates prepared from ISH-ERα NEG parental cells transduced with viral particles expressing an empty pCDH vector (EV). In the ISH-ERα NEG PTEN+ cells, basal PTEN phosphorylation was observed (0 min time point), however E2 stimulation did not induce additional phosphorylation of Fig. 1 E2 stimulation PTEN at residues S380, T382, and T383 (10-50 min time points). The corresponding graph shows the average of phospho-PTEN normalized to the GAPDH loading control from five independent experiments. Additionally, using a total PTEN antibody we show that PTEN protein levels did not increase in ISH-ERα NEG PTEN+ cells upon E2 stimulation (Fig. 2c) . As a control, similar experiments were conducted concurrently using the ISH-ERα WT PTEN+ cells. In the control experiments increased PTEN C-terminal phosphorylation and increased total PTEN protein were observed with E2 stimulation (Supplemental Fig. 3 ). These data show that E2 signals through ERα, but not ERβ or GPER, to modulate PTEN phosphorylation and protein stability.
Cytosolic ERα Signaling Is Sufficient to Mediate PTEN Regulation
To directly test whether E2 regulates PTEN phosphorylation and activity exclusively through cytosolic signaling mechanisms, we developed a PTEN positive Ishikawa cell line that stably expresses an exogenous ERα mutant, lacking the nuclear localization sequence (ISH-ERα ΔNLS PTEN+). Characterization of this cell line is shown in Fig. 3a , b. Figure 3a shows the results of a Western blot using whole cell lysates. ERα ΔNLS migrates approximately 5 kDa lower than ERα WT due to the nuclear localization sequence deletion (amino acids 252 through 303) [63] . Figure 3b shows the results of cellular fractionation followed by Western blotting of the cytosolic and nuclear lysates of ISH-ERα ΔNLS PTEN+ and ISH-ERα WT PTEN+ cells. GAPDH and TATA binding protein were used as markers to assess cytosolic and nuclear fraction purity. It can be seen that stimulation with E2 does not lead to ERα ΔNLS nuclear accumulation (Fig. 3b, top panel) . As a control, ISH-ERα WT PTEN+ cells were also fractionated, and E2 induced the expected nuclear accumulation of ERα WT (Fig. 3b, lower panel) . Additionally, in transcription assays using an ER element-luciferase reporter construct, we observed no E2-stimulated transcription activity in the ISH-ERα ΔNLS PTEN+ cells when compared with ISH-ERα WT PTEN+ cells (not shown). Taken together, these data demonstrate that ISH-ERα ΔNLS PTEN+ cells express transcriptionally incompetent ERα that do not translocate to the nucleus with E2 treatment. As such, they provide a useful model for studying cytosolic ERα signaling.
We used the ISH-ERα ΔNLS PTEN+ cells to exclude potential nuclear contributions of E2/ERα signaling to the PTEN regulatory residues S380, T382, and T383. ISH-ERα ΔNLS PTEN+ cells were starved in serum-free media for 24 h, treated with E2, and harvested at 0, 10, 30, and 50 min, followed by Western blotting for PTEN regulatory phospho-residues. Figure 3c shows a representative Western blot of phospho-PTEN (S380, T382, and T383) in cells expressing the cytosolic only ERα ΔNLS mutant. We observed a 2-fold increase in phospho-PTEN levels, indicating that nuclear ERα is not necessary for E2/ERα signaling to PTEN carboxy tail regulatory residues. The corresponding graph shows the fold change in phospho-PTEN levels normalized to the GAPDH loading control from five independent experiments. In order to determine if the ERα ΔNLS mutant also conferred increased PTEN protein stability, the same lysates were probed with an antibody against total PTEN (Fig. 3d) . We observed increased protein stability with E2 stimulation. The graph in Fig. 3d shows the fold change in total PTEN normalized to the GAPDH loading control from nine independent experiments. Taken together, the results in Fig. 3c, d demonstrate that rapid, non-nuclear E2/ERα signaling mediates PTEN phosphorylation at key negative regulatory residues, and increases PTEN stability.
E2-Induced Activation of AKT Requires PTEN
PTEN lipid phosphatase activity antagonizes the PI3K/AKT signaling axis [32, 50, 57] . Therefore, negative regulation of PTEN by E2 is predicted to lead to increased AKT activity. In order to determine if E2/ERα-dependent negative regulation of PTEN causes increased AKT activity, we treated ISH-ERα WT PTEN+ cells and ISH-ERα ΔNLS PTEN+ cells with E2, harvested lysates at 0, 10, 30, and 50 min and probed for phospho-AKT (S473) and total AKT. Figure 4a shows a representative Western blot. The graph below shows the average fold change in phospho-AKT normalized to GAPDH from four independent experiments. E2 treatment in ISH-ERα WT PTEN+ cells lead to an average 1.5-fold increase in AKT phosphorylation at serine 473, a phospho-residue associated with AKT activation. However, no change was observed in total AKT levels (not shown).
In order to confirm that non-nuclear actions of ERα are responsible for increased AKT phosphorylation, we performed similar experiments using the ISH-ERα ΔNLS PTEN+ cells. Figure 4b shows a representative Western blot for phospho-AKT. The corresponding graph shows the average fold change in phospho-AKT normalized to GAPDH from six independent experiments. We observed an average 2-fold increase in AKT phosphorylation in response to E2 stimulation in our cell line expressing the cytosolic only, deleted NLS ERα mutant. Total AKT levels did not change with E2 stimulation (not shown). These data indicate that the cytosolic actions of ERα are sufficient to promote E2-stimulated AKT phosphorylation.
Our data show that E2/ERα directly modulates PTEN activity, and we observed rapid increases in AKT phosphorylation with E2 treatment. However, rapid E2/ERα signaling has been shown to activate AKT directly by interacting with the p85 regulatory subunit of PI3K [6, 33, 48] . In order to show that E2-induced AKT phosphorylation in EC cells is due to ERα acting on PTEN, and not PI3K, we examined the effect of E2 on AKT phosphorylation status in PTEN null cells. ISH-ERα WT PTEN NEG cells were treated with E2, harvested, and phospho-AKT status, as well as total AKT levels, were analyzed using Western blotting (Fig. 4c) . In the representative Western blot, it can be seen that E2 treatment does not increase phoshorylation of AKT above baseline in ERα wild-type cells lacking PTEN. Total AKT levels also did not change upon E2 treatment (not shown). The corresponding graph shows the average fold change in phospho-AKT normalized to GAPDH from three independent experiments. In order to determine if cytosolic-only ERα signaling impacted AKT phosphorylation in the absence of PTEN, identical experiments were performed using the PTEN negative, ERα ΔNLS mutant cell line (Fig. 4d) . In these experiments, it is unclear whether the PTEN-independent decrease in phospho-AKT (10 and 30 min) is biologically relevant or is a result of enhanced cytosolic ERα signaling. Total AKT levels did not significantly increase above baseline or decrease below baseline (data not shown). Taken together, the results in Fig. 4 show that E2/ERα signaling increases AKT phosphorylation via negative regulatory actions on PTEN and requires only cytosolic ERα mechanisms.
ERα Forms a Complex with Protein Kinase CK2 and PTEN in Endometrial Cancer Cells
The C-terminal tail of PTEN contains protein kinase CK2 (formerly termed "casein kinase 2") consensus sequences that encompass the regulatory residues S380, T382, and T383 [53] . Additionally, in vitro studies indicate that this region of PTEN can be phosphorylated by CK2 [53] . We observed that the CK2 inhibitor, (E)-3-(2,3,4,5-tetrabromophenyl) acrylic acid (TBCA), blocked E2-induced PTEN phosphorylation of S380, T382, and T383 and E2-induced increases in total PTEN (Supplemental Fig. 1 ). As ERα is thought to promote rapid signaling through interactions with cytosolic kinases, we sought to determine if ERα and CK2α (the catalytic subunit of the CK2 holoenzyme) form a complex in EC cells using coimmunoprecipitation (co-IP). ISH-ERα WT PTEN+ cells were serum starved for 24 h and treated with E2 for 0, 10, 30, or 50 min, followed by IP with an antibody specific to ERα. Normal IgG was used as a control to show antibody specificity. Lysates were analyzed via Western blot using an antibody against CK2α. In ISH-ERα WT PTEN+ cells CK2α coimmunoprecipitated with ERα in both the absence and presence of E2 (Fig. 5a ). To determine if ERα and PTEN form a complex, we performed co-IP experiments using an antibody against PTEN, and probed the resultant Western blots with an Fig. 2 E2 regulation of PTEN antibody against ERα. Figure 5b shows that ERα and PTEN form a complex only in the presence of E2. Our co-IP experiments show that ERα and CK2α exist in a complex in both the presence and absence of E2 and that E2 promotes the formation of a complex that contains both ERα and PTEN.
As the ERα nuclear localization sequence mutant promoted phosphorylation of PTEN on regulatory residues in response to E2, we repeated the co-IP experiments described in Fig. 5a , b using the ISH-ERα ΔNLS PTEN+ cell line. The ERα ΔNLS deletion mutant also constitutively complexes with CK2α and forms a complex with PTEN in an E2-dependent manner (Fig. 5c, d, respectively) . These data provide evidence that deletion of amino acids 252 through 303 does not abolish the ability of ERα ΔNLS to complex with both CK2α and PTEN. We propose that E2 exposure recruits PTEN to the ERα:CK2α complex, thereby providing a potential mechanism by which rapid E2/ERα actions lead to phosphorylation and negative regulation of PTEN activity. However, further molecular studies are required to confirm this pathway.
Long-Term E2 Exposure Correlates with Increased Phospho-PTEN, Total PTEN, and Phospho-AKT in Normal Murine Endometrial Cells
The data in Figs. 1, 2, 3 , 4, and 5 utilize EC cell culture models to show that rapid E2 actions can regulate PTEN phosphorylation, stability and activity. Additionally, these data show that ERα (and not ERβ or GPER) is necessary for E2 regulation of PTEN phoshorylation and that only cytosolic actions of ERα are required. Using these models, we show that E2-stimulated reduction in PTEN lipid phosphatase activity results in increased AKT phosphorylation at the S473 activation site. To determine a potential role for E2 regulation of PTEN in vivo, we used IHC to examine phospho-PTEN (S380, T382, and T383), total PTEN and phospho-AKT (S473) status in mice uteri exposed to long-term E2 treatment as described [17, 44] . Figure 6a shows representative images of uterine glands stained for phospho-PTEN from ovx mice (Fig. 6a, ovx) or from mice exposed to sustained E2 for 8 weeks (Fig. 6a, E2 ). It can be seen that the columnar endometrial cells lining the glands exhibit increased phospho-PTEN staining in the uteri exposed to E2 when compared with uteri from ovx mice. As endometrial cells in ovx mice are smaller than endometrial cells of mice exposed to E2, the insert shows a ×2.5 magnification to allow comparison at the individual cell level. The corresponding graph shows the average SI per gland area of nine ovx or E2-treated mice. The phospho-PTEN SI/gland area was 2.3 times greater in the uteri of mice exposed to 8 weeks of E2 treatment as compared with the ovx control mice. Figure 6b shows the results of IHC staining of mouse uteri with an antibody against total PTEN. As shown in the representative images and corresponding graph, uterine glands from mice exposed to E2 for 8 weeks showed an increase in total PTEN when compared with the ovx control mice.
We next sought to determine if phospho-PTEN observed in endometrial glands from mice exposed to sustained levels of E2, correlated with the predicted increase in AKT activity. To this end, we stained uteri from ovx and E2 exposed mice with an antibody directed against phospho-AKT (S473). Quantification of representative glands yielded a 1.3-fold increase in phospho-AKT in E2 exposed endometrial glands when compared with ovx controls (Fig. 6c) .
Taken together, the data in Fig. 6 show that sustained E2 exposure leads to increased phospho-PTEN, total PTEN and phospho-AKT in the context of a normal mouse uterus. While the IHC data are correlative, they extend the molecular signaling data obtained from our cell lines and suggest that E2 may regulate PTEN and AKT in vivo.
Discussion
Our discovery that rapid E2 signaling decreases PTEN tumor suppressive activity is an extraordinarily relevant finding within the context of the endometrium, as hyperestrogenicity, or unopposed E2 stimulation, is thought to cause type 1 EC [23, 25, 34] . It has long been known that E2 activates ER transcriptional activity to promote proliferation in normal uterine epithelial cells and that type 1 EC is dependent on E2 signaling [21, 25] . However, the effects of transcriptionindependent E2 signaling on the endometrium or endometrial carcinoma have not been fully investigated. Our data in human EC cells demonstrate that rapid E2 action leads to decreased PTEN activity. Additionally we show that sustained E2 treatment in a mouse model correlates with increased phospho-PTEN and decreased PTEN activity as assessed by phospho/active AKT status. While the majority of our studies focus on endometrial cancer, we have observed similar results in MCF7 breast cancer cells (Supplemental Fig. 2 ). These data provide a second pathway by which E2 exposure may increase the risk of steroid-dependent cancers, including breast and endometrial.
E2 treatment also leads to the predicted increase in PTEN protein stability. In the context of the normal endometrium, high levels of PTEN protein may be protective against potential aberrant proliferation. Our mice data support the conclusion that E2 exposure corresponds with PTEN phosphorylation and decreased function as assessed by activity of the downstream target, AKT. Essentially, the function of high levels of low activity PTEN observed during the proliferative phase of the normal menstrual cycle may function as a "brake" i n t h e e v e n t o f a b e r r a n t p r o l i f e r a t i v e s i g n a l s . Hyperestrogenicity may shift the amount of inactive PTEN beyond the normal protective range, causing activation of AKT signaling, thereby increasing and risk for hyperplasia and endometrial cancer.
We show that E2 negatively regulates PTEN activity solely through ERα cytosolic mechanisms in EC cells. Jakacka et al. have shown that mice expressing mutant ERα, which are unable to bind estrogen response elements (NERKI +/− mouse), show significantly increased uterine weight as well as cystic endometrial hyperplasia, a precursor to endometrial cancer [22] . Furthermore, microarray data from NERKI +/− mice uteri, show E2-dependent regulation of the Wnt/β-catenin signaling pathway, a pathway highly misregulated in many cancers [10, 19, 61] . The impact of rapid E2 signaling in the uterus may be an underappreciated, yet significant, contributor to endometrial cancer initiation and progression.
By contrast, in a mouse model expressing membrane only ERα (MOER mouse) only atrophic uteri were observed [41] . Additionally, when mice expressing wild-type ERα were treated with an estrogen-dendrimer conjugate, which sequesters ERα in the cytosol, no uterine proliferation was noted [8] . Therefore, our understanding of the role of rapid, nongenomic E2 signaling and how it contributes to normal uterine development as well as uterine carcinogenesis is only beginning to be understood.
Our data show that E2 stimulates increased PTEN phosphorylation at S380, T382, and T383, leading to decreased activity and consequent activation of AKT in endometrial cancer cells (Fig. 7) . Additionally, our IHC data show significant increases in phospho-PTEN (inactive) and phospho-AKT (active) in mice exposed to sustained circulating E2 for 8 weeks [17, 44] . Hyperactivation of AKT promotes cancer through several pathways [24, 47] . AKT enacts its proliferative effects through inhibition of p27, resulting in a loss of G1 arrest in breast cancer cells, and promotes VEGF production and angiogenesis in prostate cancer cell [29, 67] . Upregulated phospho-AKT is also positively correlated with increased survivin expression in endometrial tumors, causing further decreases in apoptosis through inhibition of caspase activation [40, 52] . Overall, increased AKT signaling, a result of E2-induced PTEN inactivation, may contribute to increased endometrial cancer risk through a number of signaling pathways.
E2 treatment resulted in reduced PTEN activity in endometrial cancer cells. However, PTEN activity was not fully abolished. While complete loss of PTEN is seen in many human cancers, it is becoming clear that incremental changes in PTEN activity may significantly impact susceptibility to a variety of cancers, including endometrial cancer [3, 54] . Pten +/− haploinsufficient mice, which express 50 % of normal PTEN levels and show high levels of active AKT staining, show increased incidence of endometrial neoplasia [11, 24, 42, 58] . Furthermore, endometrial tumors from the Pten +/− Fig. 5 ERα and CK2α exist in a complex in both absence and presence of E2, while ERα and PTEN form a complex in an E2-dependent manner. a ISH-ERα WT PTEN+ and c ISH-ERα ΔNLS PTEN+ cells were starved in serum free media for 24 h followed by E2 treatment for 0, 10, 30, or 50 min. Cells were harvested in nondenaturing buffer followed by immunoprecipitation (IP) with an antibody specific to ERα or IgG control antibody. Immunoprecipitates were analyzed via Western blotting with an antibody specific to ERα. Co-immunoprecipitation (co-IP) of CK2α was assessed with an antibody specific to CK2α. IgG arrow shows heavy chain IgG from ERα IP antibody (50 kDa haploinsufficient mice show elevated phospho-AKT levels as well as phosphorylation of the Bcl-2-associated death promoter (Bad) protein, a known target of AKT that allows for evasion of apoptosis through binding of 14-3-3 proteins [24, 64] . Genetically engineered Pten hyper (Pten hy/+ ) mice, which express 80 % PTEN mRNA and protein when compared with wild-type mice, develop endometrial atypical complex hyperplasia, a precursor to endometrial cancer [3] . Mammory glands from Pten hyper mice displayed an increase in proliferative index, and the majority of female mice developed mammory tumors [3] . Additionally, Pten hypo (Pten hy/− ) mice (20 % PTEN expression) develop prostate hyperplasia and invasive prostate cancer [54] . Therefore, growing evidence Fig. 6 Unopposed E2 treatment leads to increased phospho-PTEN, total PTEN and phospho-AKT in murine endometrium. Mice were ovariectomized (ovx) or ovariectomized and treated with E2 (E2) for 8 weeks. Uteri from ovx and E2 mice were formalin fixed and paraffin embedded. Sections (5 μm) were stained with antibodies specific for a phospho-PTEN (S380, T382, and T383), b total PTEN, and c phospho-AKT (S473) and counterstained with hematoxylin. Corresponding graphs to the right represent quantification of SI/gland area±SD (phospho-PTEN, n=9 ovx, n=9 E2 mice (***P<0.001 by Student's t test); total PTEN, n= 6 ovx, n=10 E2 mice (***P<0.001 by Student's t test); and phospho-AKT, n=6 ovx n=9 E2 mice (**P<0.01 by Student's t test)). Representative fields were taken at ×40 magnification. ovx inset gland magnified an additional ×2.5. Scale bar, 100 μm Fig. 7 Model of ERα regulation of PTEN. E2-bound ERα induces phosphorylation of PTEN at C terminus regulatory residues S380, T382, and T383 via CK2α. Phosphorylation of PTEN at these residues decreases PTEN lipid phosphatase activity, which leads to downstream activation of AKT signaling demonstrates that even slight alterations in PTEN activity levels have significant biological consequences in the uterine environment as well as in other reproductive tissues.
We observed that inhibition of CK2 with TBCA abolished E2 induced phosphorylation of PTEN, and PTEN is a known substrate of CK2. A recent report by Hagan et al. shows that progesterone receptor indirectly interacts with CK2 via a common docking domain on the N terminus of progesterone receptor-B [16] . Furthermore, CK2 has been shown to phosphorylate ERα on S282 and S559 in vivo and in vitro [62] . We have shown that CK2 phosphorylates PTEN in our cells; however, it is possible that CK2 also acts on ERα S282 and S559 to modulate rapid ERα signaling to PTEN. Additionally, Lin et al. have shown that the androgen receptor and PTEN directly interact through the androgen receptor DBD and N terminus phosphotase domain of PTEN (amino acids 110-163) [30] . As nuclear receptors are highly conserved, we sought to determine if similar interactions may provide a potential mechanism by which rapid E2/ERα interactions regulate PTEN. We observed a constitutive cystosolic complex containing ERα and CK2, and an E2-dependent complex formation between ERα and PTEN. Our data suggest that E2 exposure recruits PTEN to a cystolic complex containing ERα and CK2α and provide a potential mechanism by which rapid E2 signaling regulates PTEN.
While our studies focus on endometrial cancer cells, we have observed similar results in MCF7 breast cancer cells (Supplemental Fig. 2 ). These data support observations in the Pten hyper mice as a reduction in PTEN correlated with an increase in phospho-AKT (S473) and Ki-67 in mammory tumors [3] . Additionally, pilot studies using microdissected epithelial cells from random periareolar fine needle aspiration samples have shown that women at risk for breast cancer, have elevated levels of phosphorylated PTEN (S380), total PTEN and active phospho-AKT (S473) [20] . These studies suggest that E2 regulation of PTEN may be an important mechanism in a number of steroid responsive tissues. Furthermore, other steroids and steroid analogs may also regulate PTEN.
E2 has been thought to be a risk factor for uterine cancer solely through proliferative mechanisms. Our data demonstrate that cytosolic E2/ERα actions decrease PTEN tumor suppressive activity, thereby providing an alternate mechanism by which hyperestrogenicity may increase the risk for EC. Current treatment of EC involves hysterectomy, which is costly and associated with high morbidity and mortality. Our research suggests that expanding studies focused on transcription-independent signaling of E2 may broaden our understanding of E2/ER interaction with pathways involved in cancer initiation and progression. Therefore, elucidating the role(s) of rapid E2/ERα signaling may uncover new prognostic markers, reveal targetable pathways, and allow for individualized treatment of women with uterine cancer.
